Much effort has been devoted recently to means of conserving viability by reducing the activity of cells through the withdrawal of water. Chief of these methods of desiccation is the lyophil or freeze-drying technique. The rationale behind freeze-drying is the supposition that water can be removed from a cell without causing death if the water is removed directly from the frozen state-that is, by sublimation. In support of this concept, drying from the frozen state has been successful in many cases (Flosdorf, 1949) 
freeze-drying is the supposition that water can be removed from a cell without causing death if the water is removed directly from the frozen state-that is, by sublimation. In support of this concept, drying from the frozen state has been successful in many cases (Flosdorf, 1949) (1935) were, except in rare cases, unable to obtain viable protozoans following freeze-drying; Glover (1946) reported that the technique is exceedingly harmful to Mycobacterium tuberculosis; Raper and Alexander (1945) York, December, 1949 (Mazur and Weston, 1949 whether cells will or will not survive the removal of this water should be of interest to both the cell physiologist and the ecologist.
With this in view a quantitative study was made of the effects on the viability of fungous spores of the separate factors of the lyophil technique (Weston, Buell, and Mazur, unpubli8hed data) . One finding was that the standard freezedrying procedure for fungous spores (Raper and Alexander, 1945) and for yeasts (Wickerham and Andreasen, 1942) The spray-drying apparatus. To spray-dry successfully, it was necessary to devise some way of dispersing the spore suspension into a fine mist. Rather than forcing it through a pressure nozzle, as in industrial driers, it was decided to spray using a partial vacuum on the principle of an atomizer. However, the atomizer had to be constructed in such a way that the spray could be drawn into a heated chamber in which dehydration would take place. The apparatus utilized is diagrammed in figure 1 . The spray nozzle consisted of two lengths of glass tubing, one (A) suspended coaxially within the other (B) by means of two star-shaped copper strips (C). The outer tubing (B) was made from pyrex tubing, 15 mm in outside diameter and 8 in long. The lower or nozzle end of this tube was drawn out to form a tapered tip with an opening of about 3 mm in diameter. The inner tube (A) was constructed from pyrex tubing 7 mm in outside diameter, and its lower end was drawn out to form an aperture of 1 mm or slightly less. The two tubes were positioned so that the opening of the inner extended just beyond that of the outer.
In the manner to be described shortly, the spore suspension was allowed to pass into the inner tube (A) and, simultaneously, heated air was forced rapidly through the space between the inner and outer tubes. As the suspension moved through the small opening of the inner tube, it was immediately broken into a very fine spray by the jet of air passing out the tip of the outer tube (B).
These two glass tubes forming the nozzle proper were placed in a large rubber stopper wh.ich fitted into the neck of either a 5-gal pyrex carboy, or a large vacuum bell jar. These vessels served as the drying chamber, and were heated by two electric reflector heaters (D) placed on opposite sides. The temperature inside the chamber was controlled by the distance between the carboy and the heaters.
To the untapered ends of the two glass tubes were affixed lengths of rubber tubing (E and F) as shown in figure 1. A strong spring clamp (H) was applied just above the untapered end of the inner glass tubing; the spore suspension was pipetted into the inner rubber tubing (E) above the clamp and was, for the moment, prevented from moving into the nozzle proper by that clamp. Finally, another clamp was applied at point (G) to close the upper, or basal, end of the outer rubber tubing (F) . This clamp functioned in preventing the passage of any air through the nozzle and into the drying chamber.
After the clamps had been applied, the drying chamber was evacuated bya "Cenco Hyvac" pump attached through tube I. When most of the air had been withdrawn, as evidenced by the collapse of the outer rubber tubing (F), the spore suspension was permitted to descend into the inner glass tubing by releasing the lower clamp. Thereupon, the upper clamp was released, and the resulting blast of air reduced the suspension to fine droplets as it emerged from the tip of the inner tube.
Drying took place only if the carboy was heated by the electric heaters mentioned above, and was more effective if the air drawn through the nozzle was preheated. Two bunsen burners heated the air passing through a large (2 in by 2 ft) pyrex tube (J). This air was drawn into the drying chamber upon the removal of the clamps, partly by the vacuum in the drying chamber, and partly by the impelling action of a small turbo fan at-FUNGOUS SPORE VIABILITY AND SPRAY-DRYING tached to the distal end of the heating tube. The air temperature as measured by a thermometer was 100 C or higher as it entered the nozzle.
Tests showed that a portion of the dried suspension was swept toward the vacuum pump through the tube (I). Accordingly, the dried material was collected by placing S-shaped trap tubes (K and L) To prepare a suspension, a loopful of mature spores was initially dispersed in 1 ml of a 0.1 per cent solution of the wetting agent, "Naccanol" NR, keryl benzene sulfonate (Schwartz and Perry, 1949) manufactured by the National Aniline Division of the Allied Chemical and Dye Corporation. This surface-active agent was completely non-toxic (control, figure 2 ). The resulting suspension was then thoroughly mixed with 5 ml of normal horse serum.
Spray-dring the suspension. One or 2 days prior to a run, the nozzle and all rubber and glass tubing were autoclaved or oven sterilized. The carboy, too large to sterilize in either an oven or an autoclave, was washed thoroughly with soap and water, rinsed with alcohol, and allowed to dry for 2 days with a cotton plug in the mouth. In a drying run, the spensions were sprayed in 5 batches of 0.5 ml each. A 0.5-ml portion was pipetted into the inner rubber tubing (E, figure  1 ) and held there with the lower clamp (H). The upper clamp (G) was then applied, and the apparatus evacuated. Next, the tube leading from the large pyrex tube (J), in which air was being heated, was attached to the upper end of the nozzle, and the suspension sprayed into the heated drying chamber by removing first the lower and then the upper clamp. The procedure was repeated for the other 4 portions of the suspension, the entire run requiring 15 to 20 min.
The material collecting in the bends of the trap tubes was similar in color and texture to powdered skim milk. While the amount of suspension deposited was too scant to determine its water content quantitatively, its appearance indicated a low moisture content, probably under 10 per cent.
Storing the dried spension. When the effect of storage was under investigation, the trap tubes containing the dried suspension were sealed in vacuo in the manner already described, and stored in a refrigerator at 3 C for up to 2 years, 8 months. Prior to determining the viability of these spores, the tubes were tested for the presence of a vacuum with a Cenco high frequency coil of the Tesla type.
Rehydration and the detemination of viability. When studying the immediate effects of spraydrying, the suspensions were rehydrated within 2 hr of being dried. The same procedure was involved with both the above suspensions and those stored. The outside of the trap tube was surface sterilized with a small amount of 70 per cent ethanol; a scratch was made in the center with a triangular file, and the tube was carefully broken open. With the aid of a transfer needle, the end of which was flattened to form a tiny spatula, the dried suspension was then transferred to a small (10-by 75-mm) test tube. To rehydrate, 2 or 3 drops of room temperature 0.1 per cent Naccanol were added with a capillary pipette, and stirred with the transfer needle until the highly soluble dried horse serum had dissolved and the spores were once again evenly distributed.
Spore viability was evaluated in terms of percentage germination. To promote germination, two drops of the rehydrated suspension were placed on disks of potato-dextrose agar with a sterile capillary pipette and spread over the surface. These agar disks were supported by standard microscope slides placed in moist chambers. Details of preparing the disks and the moist chambers are given elsewhere (Weston, Buell, and Mazur, unpublished data) .
The moist chambers, in turn, were held at room temperature to induce germination of the spores.
MAZUR AND WESTON
Incubation was continued until the germ tubes were, on the average, 5 to 10 times as long as the 3-to 5-,u diameter of the spores. At the end of this interval, which ranged from 12 to 20 hr, germination was maximal. The percentage germination was determined by direct microscopic observation. At least 200 spores were counted in a randomized manner as described by Weston, Buell, and Mazur (unpublished data) . A spore was considered to have germinated when a definite germ tube could be observed. In each experiment, duplicate agar disks were inoculated with the suspensions of each control and each spraydrying run.
EXPERIMENTAL RESULTS
The immediat effect of spray-drying on spore viability. Although preliminary trials had shown that spray-dried horse serum was deposited in the bends of the trap tubes as a dry white powder, the amount deposited was too small to permit a quantitative measurement of the amount of water removed. Because of this lack of quantitative data, a finding of a high survival following spray-drying could be interpreted in two ways: Either survival might be high because dehydration is relatively incomplete, or it might be high in spite of relatively extensive dehydration-that is, because desiccation by spray-drying is inherently innocuous.
To distinguish between these two possibilities, two experiments were performed: one with spores of A. flavu1 and one with those of P. palmarum.
In these experiments the apparently dry suspension in the trap tubes remained in contact with a draft of heated air for various lengths of time after spraying had been completed. The temperature of the air was above 100 C when it entered the drying chamber, and presumably was warm enough to exert further desiccating action on the suspension deposited in the trap tube. Hence, a finding that viability was high immediately following spraying, and remained high after further contact with the drying effect of heated air, would support the belief that the high immediate viability was not merely due to incomplete dehydration.
The suspensions were sprayed in the manner already described. When 2.5 ml of the suspension of spores in serum had been processed and some had been dried and deposited in the trap tube, the vacuum pump was allowed to run for an additional 0, 10, 20 or 30 min, during which time it drew heated air from the large pyrex heating tube (J, figure 1) through the trap tube containing the deposited suspension. The temperature of the heated air was 102 and 108 C in the experiments involving spores of A. flavus and P. palmarum, respectively. In both cases the drying chamber, prior to spraying, was heated to 65 C by the action of the two electric heaters. Upon rehydration, the contents of each trap tube were distributed evenly between two agar disks, thus giving two samples on which to base the percentage germination. For a control, spores were initially suspended in 0.1 per cent Naccanol to which was added an equal volume of horse serum. The resulting mixture was not dried, but was maintained at room temperature during the spraying run.
The spore recoveries following spray-drying and additional heating are given in figure 2. The most significant aspect of these results is the high percentage of germination of the spray-dried spores, irrespective of the length of time they were exposed to the heated air. These recoveries, 64 to 83 per cent for A. flavus and 77 to 90 per cent for P. palmarum, contrast markedly with those ob- tained when these spores were freeze-dried in horse serum, 2 to 4 per cent for A. flavus and less than 10 per cent for P. palmarum (Weston, Buell, and Mazur, unpublished data) .
With the spray-dried spores, however, there was an interesting relationship between the length of time the spores were exposed to heated air and the percentage germination. The spores of both species exhibited this relationship ( figure 2) ; namely, the percentage of germination decreased as the length of exposure to heated air following spraying was increased from 0 to 10 min; it then increased again as the time was increased to 30 min. The pattern appears significant, for it occurred in both experiments; however, its basis remains obscure.
These differences in recovery are, we believe, of less significance than the fact that the percentage germination of all the spray-dried spores was much higher than the percentage germination following freeze-drying, and also continued to be much higher with exposure to the desiccating action of additional heated air. Even if t4he spore suspensions were further dehydrated by the heated air, any increased dehydration lowered the viability only slightly.
As a further check on the results of the above experiments, another was performed involving a somewhat different approach to the question of the extent of dehydration as a factor in viability. The temperature of the drying chamber into which the spore suspensions are sprayed would be expected to influence both the rate and the extent of dehydration; therefore, an experiment was performed to see whether various temperatures would produce corresponding changes in viability.
It was observed in preliminary trials that a sprayed suspension underwent little or no dehydration when the drying chamber was below 35 C prior to spraying. The lack of desiccation was manifested either by the absence of any deposit in the trap tubes, or by the deposition of viscous liquid droplets rather than white powder. Dehydrated serum began to be deposited, however, when the temperature of the drying chamber was raised above 40 C, and was deposited in increasing amounts as the temperature was raised higher.
Using spores of A. flau, three runs were made in which the temperatures in the center of the drying chamber, just below the outlet of the nozzle, were 43, 59, and 81 C. These temperatures were obtained by placing the two electric heaters various distances from the outside wall of the drying chamber.
The spores were suspended in horse serum and sprayed in the usual way. The air which passed through the nozzle was preheated to 97 C. The trap tubes, in which the spore suspension wasdeposited, were removed from the apparatus immediately after the completion of spraying, and the suspension then rehydrated to permit germination as previously described. Once again, for control, spores were suspended in a 50:50 mixture of Naccanol and serum, but were not spraydried.
The results, given in table 1, may be summarized briefly by stating that nearly 100 per cent of the A. flas spores survived, irrespective of the temperature of the drying chamber. Yet it is likely that the suspension of spores in serum was more extensively dehydrated with a drying chamber temperature of 81 C than with a temperature of 43 C. Suspensions of these spores in horse serum had been freeze-dried and their immediate viability determined by Buell (1948) . Evacuated lyophil tubes containing these spores were also maintained at 3 C for 54 mo and the viability of the spores then determined by the methods described earlier in the present report. Before storage 1.8 per cent were viable; after storage, only 0.14 per cent.
Cultures of A. flavus grown on the usual potato-dextrose agar (1% or 2 per cent agar) were used to determine the longevity of naturally airdried spores. The cultures were maintained at room temperature, 20 to 27 C, for various lengths of time up to 32 mo. One week after inoculation, sporulation was heavy. As time progressed the agar dried to a shrunken film, and the spores collected as a fine powder on the surface of the dried agar. The viability was ascertained by transferring a small amount of the sporulating material from each culture to a sterile serum tube (10 by 75 mm), containing 1 ml of sterile 0.1 per cent Naccanol NR to aid in suspending the spores. Using graduated pipettes, 0.03-ml aliquots of the resulting suspensions were placed on each of three agar disks. Germination was induced and the percentage germination determined in the usual way. After storage for X, 1%, 4, 10 and 32 months, the recoveries were 99, 95, 53, 72 and 1.8 per cent.
The effects of storage on spray-dried, freezedried, and naturally air-dried spores are summarized in figure 3. Whether this decline will continue will be determined by experiments in the future. These results with spray-dried spores contrast markedly with the storage stability of freezedried and naturally air-dried spores. Not only was survival very low immediately following freeze-drying in horse serum (1.8 per cent), but it decreased 10-fold to 0.14 per cent after storage for 54 mo.
Spores maintained on agar behaved differently. Initially, nearly 100 per cent were capable of gerinating, but viability dropped comparatively rapidly with the passage of time. Finally, after 32 mo, only 1.8 per cent of the spores in the culture germinated while 40 per cent of spray-dried material was viable; yet, the spores of the latter had actually been obtained from that very agar culture some 32 mo earlier.
These experiments on storage stability show clearly that the viability of A.flaus spores spraydried in serum is markedly higher than that of freeze-dried spores both immediately after treatment-and after prolonged storage. They also show that the viability of spray-dried spores remains higher than that of naturally air-dried spores maintained under environmental conditions simulating those found in nature.
DISCUSSION
Spray-drying differs from freeze-drying in two essential respects. In the first place, dehydration is effected rapidly in the former, but slowly in the latter. Secondly, the temperatures involved in spray-drying result in dehydration from the liquid state; whereas, in freeze-drying, the temperatures are such that the water is completely or partially frozen and dehydration is by sublimation.
We have seen that these two basically different processe exert markedly different effects on the viability of spores of A. jlavwu and P. palmarum. While only from 1 to 10 per cent survive freezedrying in serum, 60 to 98 per cent survive the immediate effects of spray-drying in serum.
Since the techniques of growth and asay and also the suspending vehicle were the same in both cases, the marked difference seems most likely to depend on one or more of the following possibilities: (1) the difference in the rate of dehydration; (2) the presence or absence of freezing temperatures and the consequent effect on the physical state of the spore suspension; and (3) a difference in the extent of dehydration achieved by the two methods. The available evidence makes it unlikely that the superiority of spray-drying over freezedrying is a result of the third possibility; namely, a difference in-the extent of dehydration. In the first place, the spraying process dehydrated the suspensions of spores in serum to the extent of forming a white powder appearing as dry as the pellet produced by freeze-drying. In the second place, the viability of spray-dried spores was found to remain high irrespective of the time they were exposed to the desiccating action of heated air. Similarly, viability was unaffected by the temperature of the drying chamber. If the spores had survived spray-drying only because dehydration was incomplete, one would have expected viability to have decreased when the spores were exposed to heated air for longer times or after they had been sprayed into a warmer drying chamber. Finally, the superior storage stability of spray-dried A. flavus spores would have been unlikely had dehydration been less thorough than in the case of freeze-drying.
In support of this last statement, Weston et al. (1955) found that the storage stability of P. palmarum spores was better when dehydration was more extensive.
If the extent of dehydration is not a factor, then the harmful effects of freeze-drying would appear to be a consequence of either the slow rate of dehydration, (1) above, or else of the presence of freezing, (2) above. On the basis of the data reported, we cannot decide which of these two accounts for the low recoveries of freeze-dried A. flavus spores. There is evidence, however, indicating that the harmful effects of freeze-drying on P. palmarum spores are a result of slow dehydration. Thus, an analysis of the effects of the separate factors in the freeze-drying technique (Weston, Buell, and Mazur, unpublished data) showed that slow dehydration was primarily responsible for death of spores of the latter. It was also found, on the other hand, that merely freezing at -78 C did little or no damage. Moreover, the data given in figure 2 show that the spores 263 suffered little reduction in viability when rapidly dehydrated by spray-drying. We are led to believe, therefore, that P. palmarum spores are not killed by dehydration; rather, they are killed by slow dehydration.
It seems justifiable at this point to speculate, briefly, as to why the slow dehydration in freezedrying should be harmful. The simplest explanation is that slow desiccation exposes the spores to a relatively high concentration of solutes for many minutes, whereas the exposure time in spray-drying is on the order of a second. It may be argued, with justice, that freeze-drying ought not to expose cells to any concentrated liquid solution, for dehydration is supposed to take place from the solid state. In the freeze-drying technique referred to in the introduction, however, the spore suspension is held in a bath maintained at -5 to -10 C during desiccation. As a result, it will probably be only partially frozen, and will consist of two phases; ice and a concentrated liquid solution. The basis for this statement is that the chief ionic components of serum are sodium and chloride ions, and they will be the chief determiners of the freezing behavior of the suspension. Pure sodium chloride solutions become completely olidified only below -21 C (the eutectic point). A temperature of -21 C, then, should represent the highest temperature at which horse serum could be completely frozen.
Future experimentation should confirm or contradict the above speculation as to why slow dehydration is harmful to P. palmarum spores. The basis of the injurious effects of freeze-drying on A. flavu8 spores, on the other hand, has been studied (Mazur, 1953) and will be the subject of future papers.
The primary purpose of studying spray-drying was to investigate the basic effects of dehydration on viability. However, the initial and continuing high percentage recovery of spray-dried spores raises the question of whether this technique offers a practical means of conserving the viability of microorganisms.
The relatively crude apparatus used in these preliminary studies is not practical. First of all, only a very small percentage of the 2.5 ml of suspension sprayed into the carboy was recovered in the trap tubes as a dry product. The major fraction fell to the bottom of the chamber as a liquid. In the second place, in contrast to a laboratory lyophil apparatus, only one sealed evacuated tube could be obtained in a given run.
However, if spray-drying proves capable of conserving the viability of organisms which succumb to freeze-drying, it might be worth while to attempt to design an apparatus eliminating both these drawbacks. Such an apparatus might be a useful adjunct to a freeze-drier in the preservation of cultures. "Laboratory" spray-driers have been designed by Wilkinson et al. (1942) , and Woodcock and Tessier (1943) , and these driers have yielded efficient recoveries of dried sera, plasma, milk, and other biologicals. They might well prove valuable to those interested in the production of comparatively large quantities of dried living organisms; however, they are rather elaborate and costly, and do not appear adaptable to the simultaneous drying of small quantities of many samples of microorganisms.
It is difficult to determine the degree to which the findings reported in the present study can be extended to cells other than the spores of A. Jlavus and P. palmarum. True, there have been extensive bacteriological studies on important spray-dried foods such as milk (Crossley and Johnson, 1942; Macy, 1928) and egg (Gibbons and Moore, 1944; Watson, 1948; McFarlane et al., 1945; Hartsell, 1944) . But for the most part, these investigators have been concerned with the effects of spray-drying on the mixed populations of bacteria naturally occurring in eggs and milk rather than its effect on single species as in the present study.
Although the manner in which spray-drying affects fungi has not been studied heretofore, its effect on several bacterial species has been described. Gibbons and Moore (1944) found that 99.99 per cent of Salmonella organisms in whole egg were killed by spray-drying using air heated to 121 C. Apparently, Salmonella is much more susceptible to the treatment than the other organisms found in whole egg, for only 65 to 82 per cent of this mixed population was killed. Cells of Bacterium lactie aerogene8 also succumbed to spray-drying. Even with air temperatures as low as 60 C, 99.6 per cent were killed, according to work of Bullock and Lightbown (1947) . In marked contrast to the fate of these vegetative bacteria, bacterial spores appear much more resistant. Bullock and Lightbown (1947) report that only 8 to 10 per cent of the spores of BaciUlus subtilis were killed by spray-drying in spite of air temperatures as high as 170 C (the air temperature was 100 C in the present study).
We have seen that the spores of the fungi A. A simple inexpensive laboratory experimental spray-drier, spraying on the principle of an atomizer, was developed. The spray nozzle consisted of two lengths of pyrex tubing with one suspended coaxially within the other. The nozzle was placed in the top of a 5-gal carboy which served as a drying chamber. To spray, the drying chamber was evacuated; then, by releasing the vacuum, the spore suspension was forced through the inner tube and broken into a fine mist by a jet of heated air drawn through the outer tube. The dehydrated material passed out of the carboy toward the vacuum pump and collected in the bends of "S"-shaped trap tubes placed between the drying chamber and the pump. The results are interpreted as indicating that the high survival following spray-drying is not a result of incompleteness of dehydration, but rather is an indication that the rapid dehydration from the liquid state involved in spray-drying is considerably less harmful to the spores than the slow dehydration from the frozen state occurring in freeze-drying.
